1.. Introduction {#s1}
================

The physico-chemical properties of chalcogenide glasses can be systematically manipulated by the addition of network modifiers \[[@RSOS171401C1]\]. An interesting case example is provided by glassy Ge--Se, where the addition of silver can lead to an abrupt transition in electrical behaviour from a semiconductor to a fast-ion conductor \[[@RSOS171401C2]--[@RSOS171401C7]\]. Microscopy studies suggest phase separation of the glass into domains that are either silver-rich or silver-poor, where the sharp increase in Ag-ion conductivity occurs at a composition for which the silver-rich phase percolates \[[@RSOS171401C5],[@RSOS171401C8]--[@RSOS171401C12]\]. This ability of the glassy Ge--Se system to host silver has been exploited in programmable metallization cell technology for non-volatile computer memory, in which the application of a voltage between two electrodes fabricated on a solid electrolyte results in either the growth or dissolution of a metal filament between those electrodes \[[@RSOS171401C13]--[@RSOS171401C17]\]. Photo-induced migration of Ag also occurs, which gives these materials potential use as the sensing component in electronic dosimetry \[[@RSOS171401C18],[@RSOS171401C19]\]. Numerous experimental and modelling studies have been performed to investigate the atomic scale structure of glassy Ag--Ge--Se materials \[[@RSOS171401C17],[@RSOS171401C20]--[@RSOS171401C37]\]. However, a clear picture of the structure has yet to emerge, as befits the structural complexity.

The objective of this work is to explore the structure of glasses along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line (0≤*x*≤25) \[[@RSOS171401C38]\] ([figure 1](#RSOS171401F1){ref-type="fig"}), where the addition of silver leads to an abrupt semiconductor to fast-ion conductor transition at *x*≃8, and the total electrical conductivity jumps in value by 7--8 orders of magnitude to ≈10^−5^ *Ω*^−1^ cm^−1^ \[[@RSOS171401C2]--[@RSOS171401C6]\]. The glass structures are probed by using a combination of electric force microscopy (EFM), X-ray diffraction and neutron diffraction. The structures of the *x*=5 and *x*=25 compositions are also probed by applying the method of neutron diffraction with isotope substitution (NDIS). Here, Ag isotopes were employed, which enables the pair-correlation functions that describe the glass structure to be separated into two difference functions that describe either (i) the Ag--Ag and Ag--μ correlations or (ii) essentially the μ--μ^′^ correlations alone, where μ (or μ^′^) denotes a matrix (Ge or Se) atom. For the *x*=25 glass, the concentration of silver is sufficiently large to enable an identification of the relative distribution of Ag ions. As will be seen, the EFM experiments give information on the surface morphology of the glass and, assuming an absence of surface reconstruction, the results indicate phase separation of the bulk material. The diffraction results will therefore reveal a weighted average of the structures of the individual phases. Figure 1.Glass formation in the ternary Ag--Ge--Se system, as adapted from Borisova *et al.* \[[@RSOS171401C38]\]. Glass forming compositions are identified by filled circles and compositions showing partial crystallinity are identified by open triangles. The broken (green) curve shows the Ag~*x*~(Ge~0.25~Se~0.75~)~100−*x*~ tie line, and the (green) square on this tie line marks the composition at which the glass becomes a fast-ion conductor with increasing Ag content \[[@RSOS171401C9]\]. The (red) crosses identify the glass compositions studied in this work.

2.. Theory {#s2}
==========

In a neutron or X-ray diffraction experiment on glass, the information on the material's structure can be expressed by the total structure factor \[[@RSOS171401C39]\] $$F(q) = \sum\limits_{\alpha}\sum\limits_{\beta}c_{\alpha}c_{\beta}b_{\alpha}(q)b_{\beta}^{\ast}(q)\lbrack S_{\alpha\beta}(q) - 1\rbrack,$$where *c*~*α*~ and *c*~*β*~ are the atomic fractions of chemical species *α* and *β*, respectively, *b*~*α*~(*q*) and $b_{\alpha}^{\ast}(q)$ are the scattering length (or atomic form factor) and its complex conjugate for chemical species *α*, respectively, *q* is the magnitude of the scattering vector and *S*~*αβ*~(*q*) is a Faber--Ziman \[[@RSOS171401C40]\] partial structure factor. The latter is related to the partial pair-distribution function *g*~*αβ*~(*r*) via the Fourier transform relation $$g_{\alpha\beta}(r) - 1 = \frac{1}{2\pi^{2}n_{0}r}\int_{0}^{\infty}dq\lbrack S_{\alpha\beta}(q) - 1\rbrack q\sin(qr),$$where *r* is a distance in real space, and *n*~0~ is the atomic number density. The mean coordination number of atoms of type *β*, contained within a spherical shell defined by radii *r*~*i*~ and *r*~*j*~ centred on an atom of type *α*, is given by $${\overline{n}}_{\alpha}^{\beta} = 4\pi n_{0}c_{\beta}\int_{r_{i}}^{r_{j}}dr\, g_{\alpha\beta}(r)r^{2}.$$The scattering lengths are independent of *q* for the case of neutron diffraction, but not for the case of X-ray diffraction. To compensate for this *q* dependence, the total structure factor can be rewritten as $$S(q) - 1 = \frac{F(q)}{|\langle b(q)\rangle|^{2}},$$where the mean scattering length $\langle b(q)\rangle = \sum\limits_{\alpha}c_{\alpha}b_{\alpha}(q)$.

The corresponding real-space information is given by the total pair-distribution function $$g_{T}(r) - 1 = \frac{1}{2\pi^{2}n_{0}r}\int_{0}^{\infty}dq\lbrack S(q) - 1\rbrack M(q)q\sin(qr),$$where the modification function *M*(*q*) \[*M*(*q*)=1 for *q*≤*q*~max~, *M*(*q*)=0 for *q*\>*q*~max~\] has been introduced to account for the fact that a diffractometer can access only a finite *q*-range. As $q = (4\pi/\lambda)\sin\theta$, where λ is the incident neutron/photon wavelength and 2*θ* is the scattering angle \[[@RSOS171401C39]\], the cut-off maximum *q*~max~ is set by the wavelength and the maximum observable scattering angle. Provided *S*(*q*) no longer shows structure at *q*~max~, the effect of this finite cut-off can be neglected. Otherwise, each of the peaks in *g*~*αβ*~(*r*) that contribute towards *g*~T~(*r*) will be convolution broadened by the Fourier transform *M*(*r*) of the modification function *M*(*q*) \[[@RSOS171401C41]\]. At *r*-values smaller than the distance of closest approach between two atoms *g*~*αβ*~(*r*)=0, so the limiting value $g_{T}(r\rightarrow 0) = 0$.

2.1.. Neutron diffraction with isotope substitution {#s2a}
---------------------------------------------------

Consider three samples of glassy Ag--Ge--Se that are identical in every respect, apart from the isotopic enrichment of silver. Let the measured neutron total structure factors for samples containing ^Nat^Ag, ^107^Ag and ^109^Ag be denoted by ^Nat^*F*(*q*), ^107^*F*(*q*) and ^109^*F*(*q*), respectively, where Nat refers to the natural isotopic abundance of silver. In matrix notation it follows that $$\begin{bmatrix}
{{}^{107}F(q)} \\
{\,^{Nat}F(q)} \\
{{}^{109}F(q)} \\
\end{bmatrix} = \begin{bmatrix}
{c_{Ag}^{2}b_{{}^{107}{Ag}}^{2}} & {2c_{Ag}b_{{}^{107}{Ag}}} & 1 \\
{c_{Ag}^{2}b_{\,^{Nat}{Ag}}^{2}} & {2c_{Ag}b_{\,^{Nat}{Ag}}} & 1 \\
{c_{Ag}^{2}b_{{}^{109}{Ag}}^{2}} & {2c_{Ag}b_{{}^{109}{Ag}}} & 1 \\
\end{bmatrix} \cdot \begin{bmatrix}
{S_{AgAg}(q) - 1} \\
{\Delta S_{{Ag}\mu}(q)} \\
{\Delta S_{\mu\mu^{\prime}}(q)} \\
\end{bmatrix},$$where the difference function $$\Delta S_{{Ag}\mu}(q) = c_{Ge}b_{Ge}\lbrack S_{AgGe}(q) - 1\rbrack + c_{Se}b_{Se}\lbrack S_{AgSe}(q) - 1\rbrack$$contains only Ag--μ correlations and has dimensions of length, and the difference function $$\Delta S_{\mu\mu^{\prime}}(q) = \sum\limits_{\alpha \neq {Ag}}\sum\limits_{\beta \neq {Ag}}c_{\alpha}c_{\beta}b_{\alpha}b_{\beta}\lbrack S_{\alpha\beta}(q) - 1\rbrack$$contains only μ--μ^′^ correlations and has dimensions of area. If the Ag content of the glass is sufficiently high, equation ([2.6](#RSOS171401M2x6){ref-type="disp-formula"}) can be solved to deliver the silver--silver partial structure factor *S*~AgAg~(*q*) along with the difference functions Δ*S*~Agμ~(*q*) and Δ*S*~*μμ*′~(*q*).

The complexity of pair-correlations associated with a total structure factor can also be reduced by taking a difference between two total structure factors. For example, the μ--μ^′^ partial structure factors can be removed by taking a first difference function such as $$\begin{matrix}
{\Delta F_{Ag}(q)} & {= {}^{107}F(q) - {}^{109}F(q)} \\
 & {= c_{Ag}^{2}(b_{{}^{107}{Ag}}^{2} - b_{{}^{109}{Ag}}^{2})\lbrack S_{AgAg}(q) - 1\rbrack} \\
 & {\quad + 2c_{Ag}(b_{{}^{107}{Ag}} - b_{{}^{109}{Ag}})\Delta S_{{Ag}\mu}(q).} \\
\end{matrix}$$Likewise, the Ag--μ correlations can be removed by taking a weighted difference function such as $$\begin{matrix}
{\Delta F(q)} & {= \lbrack b_{{}^{107}{Ag}}{}^{109}F(q) - b_{{}^{109}{Ag}}{}^{107}F(q)\rbrack/(b_{{}^{107}{Ag}} - b_{{}^{109}{Ag}})} \\
 & {= \Delta S_{\mu\mu^{\prime}}(q) - c_{Ag}^{2}b_{{}^{107}{Ag}}b_{{}^{109}{Ag}}\lbrack S_{AgAg}(q) - 1\rbrack.} \\
\end{matrix}$$

The *r*-space functions corresponding to *F*(*q*), Δ*F*~Ag~(*q*), Δ*S*~Agμ~(*q*), Δ*F*(*q*) and Δ*S*~*μμ*′~(*q*) are obtained by Fourier transformation and are denoted by *G*(*r*), Δ*G*~Ag~(*r*), Δ*G*~Agμ~(*r*), Δ*G*(*r*) and Δ*G*~*μμ*′~(*r*), respectively. The equation for a given *r*-space function is obtained from that of the corresponding *q*-space function by replacing each partial structure factor *S*~*αβ*~(*q*) by the matching partial pair-distribution function *g*~*αβ*~(*r*). The theoretical low-*r* limits then follow from setting $g_{\alpha\beta}(r\rightarrow 0) = 0$. For example, the total pair-distribution function $G(r) = \left\langle b \right\rangle^{2}\lbrack g_{T}(r) - 1\rbrack$ \[[@RSOS171401C39]\], so $G(r\rightarrow 0) = - \left\langle b \right\rangle^{2}$.

3.. Material and methods {#s3}
========================

3.1.. Sample preparation {#s3a}
------------------------

To remove oxygen impurities, powdered silver metal (greater than or equal to 99.9%, Sigma Aldrich) was processed in a stream of hydrogen gas within a reduction furnace at a temperature of 400^°^C for 14--19 h. The metal was then transferred to a high-purity argon-filled glove box under inert gas conditions. The glassy samples of ^Nat^Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ (of mass ≈3 g) were prepared in this glove box by loading Ag, Ge (99.999%, Sigma Aldrich), and Se (greater than or equal to 99.999%, Sigma Aldrich), in the desired mass ratio, into silica ampoules of 5 mm inner diameter and 1 mm wall thickness. The ampoules had been cleaned by etching with a 48 wt% aqueous solution of hydrofluoric acid, rinsed with distilled water then acetone, dried and then baked-out under a vacuum of ≈10^−5^ Torr for 2--4 h at 800^°^C. The loaded ampoules were evacuated to ≈10^−5^ Torr for ≈14 h, sealed, and then placed into a rocking furnace. The temperature was increased at 1^°^C min^−1^ to 962^°^C (the melting point of Ag), dwelling for 4 h each at 221^°^C (the melting point of Se), 685^°^C (the boiling point of Se) and 938^°^C (the melting point of Ge). The upper temperature was maintained for 18 h, after which the rocking motion was stopped, and the furnace was set vertically to allow liquid to collect at the bottom of the ampoule. After a further 6 h, the temperature was decreased at 1^°^C min^−1^ to 800^°^C, which was maintained for 5 h, and the samples were then quenched by dropping the ampoules into an ice--water mixture. The same procedure was also used to prepare the *x*=25 samples containing ^107^Ag (99.50% enrichment, Isoflex) and ^109^Ag (99.40% enrichment, Isoflex), and included the removal of oxygen impurities from the silver metal.

After the neutron diffraction patterns for the *x*=25 samples were measured, Ge and Se were added to make the samples used in the neutron diffraction experiments described in \[[@RSOS171401C36]\]. Subsequently, more Ge and Se were added to make the *x*=5 samples described in this work. Each sample was prepared using the heating and cooling procedure described above. The coherent neutron scattering lengths of the elements, taking into account the enrichment of the silver isotopes, are listed in [table 1](#RSOS171401TB1){ref-type="table"}. Table 1.The coherent neutron scattering lengths of the elements \[[@RSOS171401C42]\], taking into account the enrichment of the silver isotopes.*b*~Ge~/fm*b*~Se~/fm*b*~^Nat^Ag~/fm$b_{{}^{107}{Ag}}$/fm$b_{{}^{109}{Ag}}$/fm8.185(20)7.970(9)5.922(7)7.538(11)4.185(11)

3.2.. Mass density {#s3b}
------------------

Densities were measured using a Quantachrome MICRO-ULTRAPYC 1200*e* pycnometer operated with He gas at a temperature of 21^°^C. For each sample, ≈150 measurements were taken, and the statistical uncertainty was obtained by finding the standard deviation about the mean. The results are shown in [figure 2](#RSOS171401F2){ref-type="fig"}, where they are compared to those obtained from previous work \[[@RSOS171401C21],[@RSOS171401C30],[@RSOS171401C43]\]. Figure 2.The composition dependence of the mass density along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line as measured in this work (filled squares), and in the previous work of Piarristeguy *et al.* \[[@RSOS171401C30],[@RSOS171401C43]\] (open (red) circles) and Westwood *et al.* \[[@RSOS171401C21]\] for *x*=25 (open (blue) triangle). A least-squares fit to the results of this work gives *ρ*(*g* *cm*^−3^)=4.309(3)+0.036(2)*x*+4.9(8)*x*^2^ (solid (red) curve).

3.3.. Electric force microscopy {#s3c}
-------------------------------

It is difficult to accurately measure the microstructure of silver containing glasses using standard techniques, such as scanning electron microscopy coupled with energy dispersive X-ray spectroscopy or electron probe microanalysis, because of the high mobility of silver, and the sensitivity of this mobility to the flux of photons or electrons used as the probe \[[@RSOS171401C12]\]. It is, therefore, desirable to use a methodology that will not induce local structural modifications. The EFM method offers this advantage, and allows the electrical heterogeneity at the surface of glass to be measured by probing changes to the electric permittivity \[[@RSOS171401C8],[@RSOS171401C12]\]. An electric field is generated between the tip of a cantilever and the glass surface by applying a voltage *V* , and the oscillation frequency of the cantilever is affected by the tip--sample interaction, which depends on the electrical state of the sample surface \[[@RSOS171401C12]\]. The experiments were performed under ambient conditions, using a Veeco Dimension 3100 scanning probe microscope, on the surfaces of freshly fractured glass to avoid contamination by oxidation. The microscope was operated using a conventional frequency modulation technique at the first cantilever frequency (60 kHz) using a commercial coated (PtIr5) cantilever tip in lift-mode at a distance 30 nm above the sample surface. The applied voltage *V* was chosen to optimize the image contrast. Further details are given in \[[@RSOS171401C12]\]. Several of the images are presented in [figure 3](#RSOS171401F3){ref-type="fig"}, and show phase separation. For the semiconducting regime at *x*=5, Ag-rich regions of size $d \lesssim 0.25$ μm are isolated by Ag-poor regions. The converse is true for the fast-ion conducting regime at *x*=15, where silver-poor regions of size $0.25 \lesssim d$ (μm) $\lesssim 1$ are isolated by Ag-rich regions. With further increase of Ag content, the Ag-poor regions diminish as the Ag-rich regions grow in size. Figure 3.EFM images for glasses along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line, where (*a*) *x*=5, (*b*) *x*=15, (*c*) *x*=20 or (*d*) *x*=25. The images in (*a*--*c*) were taken with an applied voltage *V* =−4 V, and the image in (*d*) was taken with *V* =−2 V. The dark and light patches show regions of high- and low-Ag content, respectively.

3.4.. Differential scanning calorimetry {#s3d}
---------------------------------------

The glass transition temperature *T*~g~ was measured using a TA Instruments Q100 differential scanning calorimeter, operated in temperature modulation mode with a scan rate of 3^°^C min^−1^ and modulation of ±1^°^C per 100 s. The samples, of mass approximately 20 mg, were loaded into crimped Al pans, and oxygen-free nitrogen was used as the purge gas with a flow rate of 50 ml min^−1^. In addition, *T*~g~ was measured for selected compositions using an inter-cooler equipped Mettler Toledo DSC2 calorimeter with a scan rate of 50^°^C min^−1^, after each sample had been temperature cycled by heating at a rate of 50^°^C min^−1^ to the supercooled liquid above *T*~g~ and quenching at the same rate. The composition dependence of *T*~g~, as taken from the onset of the glass transition in the total heat flow, is shown in [figure 4](#RSOS171401F4){ref-type="fig"}. The results show little deviation with composition from a mean value $\left\langle T_{g} \right\rangle = 221{(7)}^{\circ}$C, so it was not possible to detect phase separation from the calorimetry experiments. This finding is consistent with other differential scanning calorimetry work on glasses along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line \[[@RSOS171401C2],[@RSOS171401C5],[@RSOS171401C44]\]. The *T*~g~ values from this work are consistent with those reported in \[[@RSOS171401C5],[@RSOS171401C44]\] ([figure 4](#RSOS171401F4){ref-type="fig"}), but a wider spread of values is given in \[[@RSOS171401C2]\]. Wang *et al.* \[[@RSOS171401C45]\] report two *T*~g~ values from modulated differential scanning calorimetry measurements, but it was necessary to partially crystallize the material before a second *T*~g~ could be observed, i.e. only a single *T*~g~ was observed in the absence of crystallization. Figure 4.The composition dependence of the glass transition temperature *T*~g~ along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line as measured using differential scanning calorimetry with scan rates of 3^°^C min^−1^ (filled squares) or 50^°^C min^−1^ (filled (red) circles). The solid (red) curve shows the overall mean $\left\langle T_{g} \right\rangle = 221^{\circ}$C, and the broken curves indicate the standard deviation of ±7^°^C. Also shown are the *T*~g~ values reported in \[[@RSOS171401C5],[@RSOS171401C44]\] for scan rates of 10^°^C min^−1^ (open (blue) squares) or 80^°^C min^−1^ (open (blue) circles).

3.5.. Neutron diffraction {#s3e}
-------------------------

The neutron diffraction experiments were performed in two parts. In each, the D4c instrument at the Institut Laue-Langevin in Grenoble \[[@RSOS171401C46]\] was employed to measure the diffraction pattern for each sample in a vanadium container of inner diameter 4.8 mm and wall thickness 0.1 mm; the empty vanadium container; the empty instrument; a vanadium rod of diameter 6.078(2) mm for normalization purposes; and an absorbing ^10^B~4~C bar in order to correct for the effect of sample attenuation on the background count-rate at small scattering angles. Counting times were optimized using the procedure described in \[[@RSOS171401C47]\]. The incident neutron wavelength was λ=0.4978(1) Å, except for the NDIS experiments on the *x*=5 composition where λ=0.6950(1) Å. The diffractometer benefited from a higher neutron flux at this longer wavelength, which leads to a smaller *q*~max~ value.

The data analysis followed the procedure described elsewhere \[[@RSOS171401C48]\]. Self-consistency checks were performed to ensure that (i) each neutron total structure factor *S*~N~(*q*) obeys the sum-rule relation $\int_{0}^{\infty}dq\, q^{2}\lbrack S_{N}(q) - 1\rbrack = - 2\pi^{2}n_{0}$, which follows from equation ([2.5](#RSOS171401M2x5){ref-type="disp-formula"}) by neglecting the effect of *M*(*q*) and taking the limit as $r\rightarrow 0$; (ii) the low-*r* features in the corresponding neutron total pair-distribution function *g*~T,N~(*r*) oscillate about the theoretical limit $g_{T,N}(r\rightarrow 0) = 0$; and (iii) the back Fourier transform of *g*~T,N~(*r*), after the unphysical low-*r* oscillations are set to the limiting value $g_{T,N}(r\rightarrow 0) = 0$, is in good overall agreement with the measured *S*~N~(*q*) function \[[@RSOS171401C48]\].

3.6.. X-ray diffraction {#s3f}
-----------------------

The high-energy X-ray diffraction experiments employed beamline 11-ID-C at the Advanced Photon Source, Argonne National Laboratory in Chicago. A Perkin-Elmer model XRD 1621 CN3 EHS amorphous-silicon flat-plate area-detector (pixel size of 200×200 μm) was mounted perpendicular to the incident beam at a distance of 380 mm from the sample. The incident photon energy was 115 keV, and the incident beam had a square profile of side-length 0.5 mm. The samples were loaded into Kapton^®^ tubes (from Cole-Palmer) of 1.27 mm inner diameter and 0.05 mm wall thickness within an argon filled glovebox, and the tubes were sealed with Araldite^®^. X-ray diffraction patterns were measured for each sample in its container, an empty container, and a powdered CeO~2~ sample for detector calibration purposes. To test for reproducibility, two different parts of each sample were studied by moving the sample on an *x*--*y* stage. To correct for a background signal produced by the detector electronics, a 'dark' pattern was collected after each measurement with the beam off. The two-dimensional diffraction data were integrated using FIT2D \[[@RSOS171401C49],[@RSOS171401C50]\]. The atomic form factors used in the data analysis were taken from Waasmaier & Kirfel \[[@RSOS171401C51]\], and the Compton scattering corrections for Ag and for Ge and Se were taken from Cromer & Mann \[[@RSOS171401C52]\] and Cromer \[[@RSOS171401C53]\], respectively.

4.. Results {#s4}
===========

4.1.. Neutron and X-ray total structure factors {#s4a}
-----------------------------------------------

The measured neutron *S*~N~(*q*) and X-ray *S*~X~(*q*) total structure factors are shown in [figure 5](#RSOS171401F5){ref-type="fig"}*a*,*b*, respectively. For a given composition, the *S*~N~(*q*) and *S*~X~(*q*) functions are similar, and the first three peak positions *q*~*i*~ (*i*=1, 2 or 3) are the same within the experimental error ([figure 6](#RSOS171401F6){ref-type="fig"}). The first and second peaks at *q*~1~ and *q*~2~ are often referred to as the first sharp diffraction peak (FSDP) and principal peak, respectively. The real-space periodicity 2*π*/*q*~*i*~ originating from each peak is associated with ordering on a length scale that is commensurate with the nearest-neighbour separations (*q*~3~), with the size of a local network-forming motif (*q*~2~), or with the arrangement of these motifs on an intermediate range (*q*~1~) \[[@RSOS171401C54]\]. For both the neutron and X-ray data sets, the heights of the FSDP at *q*~1~≃1.06 Å^−1^ and the third peak at *q*~3~≃3.55 Å^−1^ decrease with increasing silver content, whereas the height of the principal peak at *q*~2~≃2.04 Å^−1^ increases. Figure 5.The measured (*a*) neutron *S*~N~(*q*) and (*b*) X-ray *S*~X~(*q*) total structure factors at a temperature ≈25^°^C for glasses containing Ag of natural isotopic abundance along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line. The compositions are indicated by the superscripts Agx, where *x*=0, 5, 10, 15, 20 or 25. The solid (black) curves with vertical error bars denote the measured functions, where the size of an error bar is smaller than the curve thickness at most *q* values. The light solid (red) curves are the back Fourier transforms of the real-space functions *g*~T,N~(*r*) and *g*~T,X~(*r*) shown in (*c*) and (*d*), respectively, after the unphysical low-*r* oscillations shown by the broken curves are set to the theoretical $g_{T,N}(r\rightarrow 0)$ or $g_{T,X}(r\rightarrow 0)$ limit. Figure 6.The composition dependence of the first three peak positions *q*~*i*~ (*i*=1, 2 or 3) in *S*~N~(*q*) (filled squares) or *S*~X~(*q*) (open (red) circles) for glassy samples of ^Nat^Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~. The curves are drawn as guides for the eye.

The neutron *g*~T,N~(*r*) and X-ray *g*~T,X~(*r*) total pair-distribution functions are shown in [figure 5](#RSOS171401F5){ref-type="fig"}*c*,*d*, respectively. In both cases, the first peak at 2.37(1) Åis likely to originate from a combination of Ge--Se and Se--Se correlations, as found from the measured set of *g*~*αβ*~(*r*) functions for the Ge~0.25~Se~0.75~ base glass \[[@RSOS171401C55]\]. A second peak at ≃2.64 Åemerges with increasing silver content and, by comparison with the structures of the crystalline polymorphs of Ag~8~GeSe~6~ \[[@RSOS171401C56]--[@RSOS171401C58]\], it is attributed to nearest-neighbour Ag--Se correlations. The peak at ≃2.64 Å is more prominent in *g*~T,X~(*r*) when compared with *g*~T,N~(*r*), which originates from the large X-ray atomic form factor for Ag, i.e. the silver pair-distribution functions receive a larger weighting in *g*~T,X~(*r*) when compared with *g*~T,N~(*r*). For *x*=0, a shoulder on the low-*r* side of the peak at ≃3.8 Å, which is attributed to corner-sharing Ge--Ge correlations by comparison with the measured set of *g*~*αβ*~(*r*) functions for the base glass \[[@RSOS171401C55]\], becomes less pronounced with increasing silver content.

To obtain additional information on the local structure, it is necessary to take into account the effect of the finite *q*~max~ value of the diffractometer on the measured real-space functions. The first few peaks in $D_{T,N}(r) \equiv 4\pi n_{0}r\lbrack g_{T,N}(r) - 1\rbrack = 4\pi n_{0}rG_{N}(r)/|G_{N}(r\rightarrow 0)|$ over the range 2--3.2 Åwere therefore fitted to a sum of five Gaussian functions, each convoluted with the Fourier transform *M*(*r*) of the modification function *M*(*q*) \[[@RSOS171401C41]\]. A Gaussian function in *D*~T,N~(*r*) is symmetrically broadened by *M*(*r*). The neutron diffraction results were chosen for this analysis because the coherent neutron scattering lengths are *q*-independent, leading to a relatively simple real-space fitting procedure. For the crystalline polymorphs of Ag~8~GeSe~6~, Ge is bound to 4 Se atoms, Ag is bound to 3 or 4 Se atoms, the nearest-neighbour Ag--Ag distance is ≃3 Åand the shortest Ag--Ge distances are in the range 3.70--3.91 Å\[[@RSOS171401C56]--[@RSOS171401C58]\]. In the *β*^′^-Ag~8~GeSe~6~ phase, for example, Ag has 3 or 4 Se atoms at distances in the range 2.53--2.91 Å, the nearest-neighbour Ag--Ag distances are in the range 2.99--3.18 Å and the shortest Ag--Ge distance is 3.70 Å \[[@RSOS171401C58]\]. In the Ge~0.25~Se~0.75~ base glass, the measured set of *g*~*αβ*~(*r*) functions show both Ge--Se and Se--Se nearest-neighbours, with the bond distances and coordination numbers summarized in [table 2](#RSOS171401TB2){ref-type="table"} \[[@RSOS171401C55]\]. Table 2.The nearest-neighbour μ--μ^′^ distances and coordination numbers extracted from neutron diffraction experiments on glasses along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line. Results are also given from NDIS experiments on the Ge~0.25~Se~0.75~ base glass \[[@RSOS171401C55]\], from previous neutron diffraction \[[@RSOS171401C24],[@RSOS171401C29]\] and anomalous X-ray scattering \[[@RSOS171401C21]\] experiments on the silver-modified glass, from an analysis of anomalous X-ray scattering data using the reverse Monte Carlo method \[[@RSOS171401C34],[@RSOS171401C35]\], and from a previous NDIS experiment on a related glass \[[@RSOS171401C36]\].*xr*~GeSe~ (Å)*r*~SeSe~ (Å)${\overline{n}}_{Ge}^{Se}$${\overline{n}}_{Se}^{Se}$functionreference02.37(1)2.36(1)40.66(5)*D*~T,N~(*r*)this work2.37(2)---4.00(2)---*g*~GeSe~(*r*)\[[@RSOS171401C55]\]---2.35(2)---0.70(2)*g*~SeSe~(*r*)\[[@RSOS171401C55]\]4.22.352.354.070.78---\[[@RSOS171401C35]\]52.37(1)2.35(1)40.66(5)*D*~T,N~(*r*)this work2.37(1)2.36(1)40.66(5)Δ*D*(*r*)this work7.7^a^2.37(1)2.36(1)40.81(4)Δ*D*(*r*)\[[@RSOS171401C36]\]102.37(1)2.36(1)40.59(5)*D*~T,N~(*r*)this work152.37(1)2.35(1)40.50(5)*D*~T,N~(*r*)this work2.382.3840.9---\[[@RSOS171401C29]\]202.37(1)2.36(1)40.45(5)*D*~T,N~(*r*)this work2.352.453.980.65---\[[@RSOS171401C35]\]252.37(1)2.36(1)40.19(5)*D*~T,N~(*r*)this work2.37(1)2.36(1)40.24(5)Δ*D*(*r*)this work2.37(1)2.35(1)40.05(5)Δ*D*~*μμ*^′^~(*r*)this work2.37(1)---4.01(5)------\[[@RSOS171401C24]\]2.382.3840.7---\[[@RSOS171401C29]\]2.38---3.830.45---\[[@RSOS171401C21]\]2.352.554.010.65---\[[@RSOS171401C34]\][^2]

The first peak in *D*~T,N~(*r*) was therefore fitted using two Gaussian functions representing the nearest-neighbour Ge--Se and Se--Se correlations, with the Ge--Se coordination number constrained to give the base-glass value ${\overline{n}}_{Ge}^{Se} = 4$. The presence of GeSe~4~ tetrahedral motifs is supported by Raman spectroscopy experiments on glasses along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line \[[@RSOS171401C25]\], and by Raman spectroscopy and inelastic neutron scattering experiments on the *x*=25 glass \[[@RSOS171401C59]\]. Ag--Se nearest-neighbours will appear at larger *r*-values, so the third and fourth fitted Gaussian functions were attributed to Ag--Se correlations. The fifth fitted Gaussian was assigned to Ag--Ag nearest-neighbours, giving a minimum Ag--Ag distance ${\overline{r}}_{AgAg} \simeq 3$ Å. Several of the fitted *D*~T,N~(*r*) functions are shown in [figure 7](#RSOS171401F7){ref-type="fig"}. The associated peak positions and coordination numbers are listed in [table 2](#RSOS171401TB2){ref-type="table"} for the μ--μ^′^ correlations, and in [table 3](#RSOS171401TB3){ref-type="table"} for the Ag--μ and Ag--Ag correlations. On the premise that ${\overline{n}}_{Ge}^{Se} = 4$, Se--Se homopolar bonds are necessary to account for the area under the first peak in *D*~T,N~(*r*), and become less numerous with increasing silver content. Raman spectroscopy experiments on glasses along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line also support an elimination of Se--Se bonds with increasing silver content: the intensity of the Se chain-mode at 250 cm^−1^ decreases with *x* increasing from zero, and is small or absent for *x*=25 \[[@RSOS171401C25]\]. The presence of Se--Se homopolar bonds has been suggested on the basis of previous anomalous X-ray scattering \[[@RSOS171401C21],[@RSOS171401C34],[@RSOS171401C35]\] and neutron diffraction \[[@RSOS171401C29]\] work, although the associated coordination numbers are larger than found in this study ([table 2](#RSOS171401TB2){ref-type="table"}). They were not found, however, in a separate neutron diffraction experiment on the *x*=25 composition \[[@RSOS171401C24]\]. Figure 7.The fitted *D*~T,N~(*r*) functions for (*a*) *x*=5, (*b*) *x*=15, (*c*) *x*=20 and (*d*) *x*=25. The measured data sets are shown by the solid (black) curves, and the sums of fitted Gaussian functions are shown by the light solid (red) curves. The peak at 2.37 Å was fitted using two Gaussian functions, representing Ge--Se (broken (black) curve) and Se--Se (chained (green) curve) correlations, respectively. The peak at ≈2.67 Å was fitted using two Gaussian functions, representing Ag--Se correlations (solid (magenta) curves), and the third peak at ≈2.9 Å was fitted using a single Gaussian function, representing Ag--Ag correlations (broken (blue) curve). The Gaussian function at the largest *r*-value (chained (cyan) curve) was used as a constraint on fitting the peaks at lower-*r* values. Table 3.The Ag--Se and Ag--Ag nearest-neighbour distances and coordination numbers extracted from neutron diffraction experiments on glasses along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line. Results are also given from previous neutron diffraction \[[@RSOS171401C24],[@RSOS171401C29]\] and anomalous X-ray scattering \[[@RSOS171401C21]\] experiments, from an analysis of anomalous X-ray scattering data using the reverse Monte Carlo method \[[@RSOS171401C34],[@RSOS171401C35]\], and from a previous NDIS experiment on a related glass \[[@RSOS171401C36]\].*xr*~AgSe~ (Å)*r*~AgSe~ (Å)*r*~AgAg~ (Å)${\overline{n}}_{Ag}^{Se}$${\overline{n}}_{Ag}^{Se}$${\overline{n}}_{Ag}^{Ag}$functionreference4.22.6---2.952.17---0.08---\[[@RSOS171401C35]\]52.63(2)2.75(2)2.86(10)2.1(2)0.5(2)1.7(3)*D*~T,N~(*r*)this work2.64(1)2.83(2)2.96(5)2.1(2)0.5(2)1.7(3)Δ*D*~Ag~(*r*)this work7.7^a^2.65(1)---2.9(2)3.5(1)---0.9(1)Δ*G*~Ag~(*r*)\[[@RSOS171401C36]\]102.64(2)2.75(2)2.88(7)2.2(2)0.5(2)1.6(3)*D*~T,N~(*r*)this work152.65(2)2.75(2)2.91(5)2.4(2)0.7(1)1.8(3)*D*~T,N~(*r*)this work2.74---3.072.6---4.7---\[[@RSOS171401C29]\]202.62(2)2.74(2)2.94(5)2.4(2)0.7(1)1.8(3)*D*~T,N~(*r*)this work2.6---2.952.80---0.45---\[[@RSOS171401C35]\]252.63(2)2.82(2)2.95(5)2.4(2)0.8(2)1.9(3)*D*~T,N~(*r*)this work2.63(1)2.84(2)3.03(5)2.4(2)0.8(2)1.9(3)Δ*D*~Ag~(*r*)this work2.64(1)3.14(2)---3.3(2)0.6(2)---Δ*G*~Agμ~(*r*)this work------3.02(2)------1.9(2)*g*~AgAg~(*r*)this work2.68(1)---3.02(5)3.0(1)---4.2(2)---\[[@RSOS171401C24]\]2.72---3.062.6---3.0---\[[@RSOS171401C29]\]2.62---3.353.9,4.6^b^---------\[[@RSOS171401C21]\]2.65---3.052.66---0.45---\[[@RSOS171401C34]\][^3]

4.2.. Neutron diffraction with isotope substitution experiments {#s4b}
---------------------------------------------------------------

As emphasized by [figure 7](#RSOS171401F7){ref-type="fig"}, there is overlap in *D*~T,N~(*r*) between the various *g*~*αβ*~(*r*) functions, which makes it valuable to apply the NDIS method. The measured total structure factors *F*(*q*) for the *x*=5 and *x*=25 compositions are shown in [figure 8](#RSOS171401F8){ref-type="fig"}*a*,*b*, respectively, and the associated total pair-distribution functions *G*~N~(*r*) are shown in [figure 8](#RSOS171401F8){ref-type="fig"}*c*,*d*, respectively. The latter reveal a growth in height of the Ag--Se peak at ≃2.64 Åwith magnitude of the silver scattering length ([table 1](#RSOS171401TB1){ref-type="table"}). Figure 8.The measured total structure factors *F*(*q*) for the NDIS experiments on the (*a*) *x*=5 and (*b*) *x*=25 compositions. The solid (black) curves with vertical error bars give the measured functions, where the size of an error bar is smaller than the curve thickness at most *q*-values. The light solid (red) curves are the back Fourier transforms of the corresponding real-space functions *G*~N~(*r*) shown in (*c*) and (*d*), respectively, after the unphysical low-*r* oscillations shown by the broken curves are set to their theoretical $G_{N}(r\rightarrow 0)$ limit.

The difference functions Δ*F*~Ag~(*q*), shown in [figure 9](#RSOS171401F9){ref-type="fig"}*a*,*b* for the *x*=5 and *x*=25 compositions, respectively, reveal a measurable contrast between the total structure factors. The FSDP in *F*(*q*) becomes a trough at ≃1.08 Å^−1^ in Δ*F*~Ag~(*q*), and there is a slope in the difference function at small *q* that should develop into the small-angle scattering expected for phase-separated samples at smaller *q*-values. The corresponding real-space functions Δ*G*~Ag~(*r*) show an elimination of the μ--μ^′^ correlations at ≃2.37 Å, a first peak at ≃2.64 Å that originates from Ag--Se correlations, and indicate overlap between the Ag partial pair-distribution functions ([figure 9](#RSOS171401F9){ref-type="fig"}*c*,*d*). To obtain additional information on the local structure, the first peak and shoulder in $\Delta D_{Ag}(r) \equiv 4\pi n_{0}r\Delta G_{Ag}(r)/|\Delta G_{Ag}(r\rightarrow 0)|$ were fitted to a sum of Gaussian functions, each convoluted with *M*(*r*) \[[@RSOS171401C41]\]. The first and second Gaussian functions were attributed to Ag--Se correlations, the third Gaussian function was attributed to Ag--Ag correlations, and the fourth Gaussian function was also attributed to Ag--Se correlations. The fitted functions are shown in [figure 10](#RSOS171401F10){ref-type="fig"}*a*, and the fitted parameters for the first three Gaussian functions are summarized in [table 3](#RSOS171401TB3){ref-type="table"}. The fourth Gaussian function gave Ag--Se distances of 3.28(3) Å and 3.33(3) Å, and coordination numbers of ${\overline{n}}_{Ag}^{Se} = 1.6(3)$ and ${\overline{n}}_{Ag}^{Se} = 1.0(3)$ for the *x*=5 and *x*=25 compositions, respectively. In comparison, the shortest Ag--Ge distances are in the range 3.70--3.91 Åfor the crystalline polymorphs of Ag~8~GeSe~6~ \[[@RSOS171401C56]--[@RSOS171401C58]\]. Hence, the Ag--Se coordination number depends on the choice of cut-off distance. The first two fitted Gaussian functions give ${\overline{n}}_{Ag}^{Se} = 2.6(3)$ for *x*=5 and ${\overline{n}}_{Ag}^{Se} = 3.2(3)$ for *x*=25, values that increase to ${\overline{n}}_{Ag}^{Se} = 4.2(4)$ for both compositions if the Ag--Se coordination number from the third fitted Gaussian function is included. Figure 9.The measured difference functions (*a*) $\Delta F_{Ag}(q) =^{Nat}F(k) - {}^{109}F(k)$ for *x*=5 and (*b*) $\Delta F_{Ag}(q) = {}^{107}F(k) - {}^{109}F(k)$ for *x*=25. The solid (black) curves with vertical error bars give the measured functions, and the light solid (red) curves are the back Fourier transforms of the corresponding Δ*G*~Ag~(*r*) functions shown in (*c*) and (*d*), respectively, after the unphysical low-*r* oscillations shown by the broken curves are set to their theoretical $\Delta G_{Ag}(r\rightarrow 0)$ limit. Figure 10.The fitted functions (*a*) Δ*D*~Ag~(*r*) for *x*=5 (top) and *x*=25 (bottom), (*b*) Δ*D*(*r*) for *x*=5, (*c*) Δ*D*(*r*) for *x*=25 and (*d*) Δ*D*~*μμ*^′^~(*r*) for *x*=25. The measured data sets are shown by the solid (black) curves, and the sums of fitted Gaussian functions are shown by the light solid (red) curves. In (*a*), the first two Gaussian functions represent Ag--Se correlations (solid (magenta) curves), the third Gaussian function represents Ag--Ag correlations (broken (blue) curve) and the fourth Gaussian function also represents Ag--Se correlations (chained (cyan) curve). In (*b*--*d*), the peak at 2.37 Å was fitted using two Gaussian functions, representing Ge--Se (broken (black) curve) and Se--Se (chained (green) curve) correlations, respectively.

The difference functions Δ*F*(*q*) are shown in [figure 11](#RSOS171401F11){ref-type="fig"}*a*,*b* for the *x*=5 and *x*=25 compositions, respectively, and the corresponding real-space functions Δ*G*(*r*) are shown in [figure 11](#RSOS171401F11){ref-type="fig"}*c*,*d*, respectively. The Δ*G*(*r*) functions show an elimination of Ag--Se correlations at ≃2.64 Å. To obtain additional information on the local structure, the first peak in $\Delta D(r) \equiv 4\pi n_{0}r\Delta G(r)/|\Delta G(r\rightarrow 0)|$ was fitted to a sum of two Gaussian functions, each convoluted with *M*(*r*) \[[@RSOS171401C41]\], that were attributed to nearest-neighbour Ge--Se and Se--Se correlations, with the Ge--Se coordination number fixed at ${\overline{n}}_{Ge}^{Se} = 4$. The results are shown in [figure 10](#RSOS171401F10){ref-type="fig"}*b*,*c*, and the fitted μ--μ^′^ parameters are summarized in [table 2](#RSOS171401TB2){ref-type="table"}. The latter are, within the experimental error, the same as those obtained from the fitted *D*~T,N~(*r*) functions. Figure 11.The measured difference functions (*a*) $\Delta F(q) = \lbrack b_{\,^{Nat}{Ag}}{}^{109}F(q) - b_{{}^{109}{Ag}}{}^{Nat}F(q)\rbrack/(b_{\,^{Nat}{Ag}} - b_{{}^{109}{Ag}})$ for *x*=5 and (*b*) $\Delta F(q) = \lbrack b_{{}^{107}{Ag}}{}^{109}F(q) - b_{{}^{109}{Ag}}{}^{107}F(q)\rbrack/(b_{{}^{107}{Ag}} - b_{{}^{109}{Ag}})$ for *x*=25. The solid (black) curves with vertical error bars give the measured functions, and the light solid (red) curves are the back Fourier transforms of the corresponding Δ*G*(*r*) functions shown in (*c*) and (*d*), respectively, after the unphysical low-*r* oscillations shown by the broken curves are set to their theoretical $\Delta G(r\rightarrow 0)$ limit.

For the *x*=25 composition, the partial structure factor *S*~AgAg~(*q*) and the difference functions Δ*S*~Agμ~(*q*) and Δ*S*~*μμ*^′^~(*q*) ([figure 12](#RSOS171401F12){ref-type="fig"}) show that the FSDP in the total structure factors ([figure 8](#RSOS171401F8){ref-type="fig"}*b*) originates from μ--μ^′^ correlations. The corresponding real-space functions are shown in [figure 13](#RSOS171401F13){ref-type="fig"}, and the associated peak positions and coordination numbers are listed in tables [2](#RSOS171401TB2){ref-type="table"} and [3](#RSOS171401TB3){ref-type="table"}. The effect of the modification function *M*(*r*) on *g*~AgAg~(*r*) and Δ*G*~Agμ~(*r*) is minimal, as indicated by an absence of pronounced oscillations in the convoluted Gaussian functions fitted to Δ*D*~Ag~(*r*) ([figure 10](#RSOS171401F10){ref-type="fig"}*a*). The first peak in *g*~AgAg~(*r*) at 3.02(2) Åis well defined and gives a coordination number ${\overline{n}}_{Ag}^{Ag} = 1.9(2)$. The first peak in Δ*G*~Agμ~(*r*) at 2.64(1) Å has a shoulder on its high-*r* side at 3.14(2) Å, and a coordination number ${\overline{n}}_{Ag}^{Se} = 3.3(2)$ is obtained by integrating to the first minimum at 3.01 Å, or a value ${\overline{n}}_{Ag}^{Se} = 3.9(3)$ is obtained by integrating to the second minimum at 3.31 Å. In comparison, the first peak in Δ*G*~*μμ*^′^~(*r*) at 2.37 Å is sharp, and its shape is affected by *M*(*r*). The first peak in $\Delta D_{\mu\mu^{\prime}}(r) \equiv 4\pi n_{0}r\Delta G_{\mu\mu^{\prime}}(r)/|\Delta G_{\mu\mu^{\prime}}(r\rightarrow 0)|$ was therefore fitted to a sum of two Gaussian functions, each convoluted with *M*(*r*) \[[@RSOS171401C41]\], that were attributed to Ge--Se and Se--Se bonds with ${\overline{n}}_{Ge}^{Se} = 4$ ([figure 10](#RSOS171401F10){ref-type="fig"}*d*). The fit yields a smaller Se--Se coordination number than obtained from *D*~T,N~(*r*) or Δ*D*(*r*) ([table 2](#RSOS171401TB2){ref-type="table"}), which reflects a larger statistical error on Δ*S*~*μμ*^′^~(*q*). Figure 12.The partial structure factor *S*~AgAg~(*q*) and the difference functions Δ*S*~Agμ~(*q*) and Δ*S*~*μμ*^′^~(*q*) for the composition *x*=25. The circles give the measured data points, where the spread in values indicates the statistical uncertainty, and the solid (red) curves show the back Fourier transforms of the corresponding real-space data sets shown in [figure 13](#RSOS171401F13){ref-type="fig"} after the unphysical low-*r* oscillations are set to their theoretical low-*r* limit.

5.. Discussion {#s5}
==============

5.1.. The Ag coordination environment {#s5a}
-------------------------------------

As indicated by [figure 10](#RSOS171401F10){ref-type="fig"}*a*, there is overlap between the Ag--Se and Ag--Ag partial pair-distribution functions that contribute towards Δ*G*~Ag~(*r*). For the *x*=25 function, a broad distribution of nearest-neighbour Ag--Se distances is confirmed when Δ*G*~Ag~(*r*) is decomposed into its contributions from *g*~AgAg~(*r*) and Δ*G*~Agμ~(*r*) ([figure 13](#RSOS171401F13){ref-type="fig"}). The latter gives a preferred Ag--Se bond distance of 2.64(1) Å, and a coordination number ${\overline{n}}_{Ag}^{Se} = 3.3(2)$ for a cut-off distance of 3.01 Å, or ${\overline{n}}_{Ag}^{Se} = 3.9(3)$ for a cut-off distance of 3.31 Å. For the *x*=5 composition, Δ*G*~Ag~(*r*) gives a preferred bond distance of 2.64(1) Å, and coordination numbers of ${\overline{n}}_{Ag}^{Se} = 2.6(3)$ and ${\overline{n}}_{Ag}^{Se} = 4.2(4)$ are obtained for similar cut-off distances. In comparison, for liquid Ag~2~Se where the full set of *g*~*αβ*~(*r*) functions is available from the NDIS method, there is also a broad distribution of Ag--Se distances and overlap between the Ag--Se and Ag--Ag partial pair-distribution functions \[[@RSOS171401C60]\]. The first peak in *g*~AgSe~(*r*) at 2.60(5) Åhas a shoulder on its high-*r* side and gives ${\overline{n}}_{Ag}^{Se} = 9.3(5)$. The first peak in *g*~AgAg~(*r*) is at 2.80(5) Åand the corresponding coordination number ${\overline{n}}_{Ag}^{Ag} = 5.3(5)$. Figure 13.The partial pair-distribution function *g*~AgAg~(*r*) and the difference functions Δ*G*~Agμ~(*r*) and Δ*G*~*μμ*^′^~(*r*) for the composition *x*=25. The solid curves show the Fourier transforms of spline fits to the *q*-space data sets shown in [figure 12](#RSOS171401F12){ref-type="fig"}, with the unphysical low-*r* oscillations (broken curves) set to their $g_{AgAg}(r\rightarrow 0)$, $\Delta G_{{Ag}\mu}(r\rightarrow 0)$ or $\Delta G_{\mu\mu^{\prime}}(r\rightarrow 0)$ limit.

It should be noted that, in the analysis of the Δ*G*~Ag~(*r*) and Δ*G*~Agμ~(*r*) functions, the possibility of short Ag--Ge distances has been discounted. These neighbours have been found in first-principles molecular dynamics simulations of glasses along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line, but are not particularly prevalent, i.e. there is a preference for Ag--Se bonds \[[@RSOS171401C28],[@RSOS171401C32],[@RSOS171401C33]\].

For the *x*=25 composition, Δ*G*~Ag~(*r*) and *g*~AgAg~(*r*) will provide information predominantly on the structure of the Ag-rich phase, and the latter gives a mean Ag--Ag distance ${\overline{r}}_{AgAg} = 3.02(2)$ Åwith ${\overline{n}}_{Ag}^{Ag} = 1.9(2)$. For the *x*=5 composition, Δ*G*~Ag~(*r*) will also provide information predominantly on the structure of the Ag-rich phase, and it gives a mean distance ${\overline{r}}_{AgAg} = 2.96(5)$ Å with ${\overline{n}}_{Ag}^{Ag} = 1.7(3)$. If these atoms reside predominantly in chain-like configurations in which the mean number of silver atoms is ${\overline{N}}_{c}$, then ${\overline{n}}_{Ag}^{Ag} = \lbrack 2({\overline{N}}_{c} - 2) + 2\rbrack/{\overline{N}}_{c}$ or ${\overline{N}}_{c} = 2/(2 - {\overline{n}}_{Ag}^{Ag})$, giving chain lengths of ${\overline{N}}_{c} \sim$20 and ${\overline{N}}_{c} \sim$7 for the *x*=25 and *x*=5 compositions, respectively. Small Ag--Ag distances and low coordination numbers ${\overline{n}}_{Ag}^{Ag} < 3$ have also been found for other silver-rich modified chalcogenide glasses by applying the NDIS method \[[@RSOS171401C61]\]. Examples include Ag~2~GeS~3~ where ${\overline{r}}_{AgAg} \simeq$2.97 Å\[[@RSOS171401C62]\], AgAsS~2~ where ${\overline{r}}_{AgAg} \simeq$3 Å \[[@RSOS171401C63]\], AgPS~3~ where ${\overline{r}}_{AgAg} = 2.9(1)$ Å and ${\overline{n}}_{Ag}^{Ag} = 1.1(2)$ \[[@RSOS171401C48]\], Ag~2~As~3~Se~4~ where ${\overline{r}}_{AgAg} = 3.3(1)$ Å and ${\overline{n}}_{Ag}^{Ag} = 2.7(2)$ \[[@RSOS171401C64]\], and AgAsTe~2~ where ${\overline{r}}_{AgAg} = 3.03(2)$ Å and ${\overline{n}}_{Ag}^{Ag} = 2.8(4)$ \[[@RSOS171401C65]\]. Similar findings apply to the copper-rich modified chalcogenide glass Cu~2~As~3~Se~4~ where ${\overline{r}}_{CuCu} = 2.70(4)$ Å and ${\overline{n}}_{Cu}^{Cu} = 1.0(3)$ \[[@RSOS171401C64],[@RSOS171401C66]\].

Overall, the results show a structure for the Ag-rich phase that changes with composition along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line. This observation is consistent with EFM results that show changes to the electric permittivity of the Ag-rich (and Ag-poor) phase with change of *x* \[[@RSOS171401C12]\]. Conductive atomic force microscopy (C-AFM) experiments show an increase with *x* in the electrical conductivity of the Ag-rich phase for *x*≥10, i.e. the results are consistent with a structure for the Ag-rich phase that continues to evolve as silver is added to the base glass \[[@RSOS171401C11]\]. The C-AFM results show a small or negligible electrical conductivity for the Ag-poor phase.

5.2.. Model for the structure of the modified glass {#s5b}
---------------------------------------------------

What happens to the structure of the Se-rich base glass as silver is added? Here, a starting point is provided by the '8-N' rule for the base glass, where the overall coordination numbers of Ge and Se are *Z*~Ge~=4 and *Z*~Se~=2, respectively. A chemically ordered network model appears to hold for glasses such as Ge~0.25~Se~0.75~ and Ge~0.20~Se~0.80~, as supported by the full set of *g*~*αβ*~(*r*) functions measured for these materials by using the NDIS method \[[@RSOS171401C55]\]. Hence, if the numbers of Ge and Se atoms in the base glass are denoted by *N*~Ge~ and *N*~Se~, respectively, the number of Se--Se bonds can be enumerated as $\mathcal{N}_{SeSe} = N_{Se}Z_{Se}/2 - N_{Ge}Z_{Ge}/2$ \[[@RSOS171401C36]\]. The corresponding coordination number for Se--Se homopolar bonds is given by ${\overline{n}}_{Se}^{Se} = 2\mathcal{N}_{SeSe}/N_{Se} = Z_{Se} - Z_{Ge}c_{Ge}/c_{Se}$, equivalent to the expectation of a chemically ordered network model for a Se-rich Ge--Se base glass \[[@RSOS171401C67]\].

When a monovalent metal such as silver is added to the Se-rich Ge~0.25~Se~0.75~ base glass, the metal atoms are expected to bond preferentially to Se, so that Se--Se homopolar bonds are removed. For example, in the bonding scheme of Kastner \[[@RSOS171401C68]\], where the covalent contribution to the bonding is significant and the effect of electronic *d* states can be neglected, each silver atom is fourfold coordinated by Se atoms. One of the Ag--Se bonds is formed by using the valence electron from Ag and a valence electron from Se, and the other three Ag--Se bonds are dative, using lone-pair electrons on three other Se atoms ([figure 14](#RSOS171401F14){ref-type="fig"}). In consequence, one Se atom remains twofold coordinated, in accordance with the '8-N' rule, whereas the other three Se atoms become threefold coordinated. A single added Ag atom will break a single Se--Se bond to combine with one of these Se atoms and leave the other Se atom with a dangling bond, whereas two added Ag atoms will break a single Se--Se bond without leaving a dangling bond. The mean number of broken Se--Se bonds per silver atom is therefore ${\overline{N}}_{broken} = 1$ or ${\overline{N}}_{broken} = 0.5$, respectively. The reduced number of Se--Se bonds is given by $\mathcal{N}_{SeSe} = N_{Se}Z_{Se}/2 - N_{Ge}Z_{Ge}/2 - N_{Ag}{\overline{N}}_{broken}$, and the associated coordination number for this modified chemically ordered network (MCON) model is given by $${\overline{n}}_{Se}^{Se} = 2\mathcal{N}_{SeSe}/N_{Se} = Z_{Se} - Z_{Ge}c_{Ge}/c_{Se} - 2c_{Ag}{\overline{N}}_{broken}/c_{Se}.$$ Figure 14.Schematic of a bonding scheme in which two Ag atoms break a single Se--Se homopolar bond to create two fourfold coordinated Ag atoms. Following the proposal of Kastner \[[@RSOS171401C68]\], each AgSe~4~ motif contains one covalent Ag--Se bond, formed by using the valence electron from Ag and a valence electron from one of the Se atoms of the initial homopolar bond, and three dative Ag--Se covalent bonds, formed by using the lone pair electrons (shown by dots) on three other Se atoms and the three empty *s*-*p* orbitals of the Ag atom.

In [figure 15](#RSOS171401F15){ref-type="fig"}, the measured values of ${\overline{n}}_{Se}^{Se}$ for glasses along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line are compared to the expectations of the MCON model for two different values of ${\overline{N}}_{broken}$. The MCON with a single value of ${\overline{N}}_{broken}$ does not account for the full composition dependence of ${\overline{n}}_{Se}^{Se}$. Instead, the model suggests that fewer Se--Se bonds are broken (${\overline{N}}_{broken} = 1/3$) than expected from the bonding scheme proposed by Kastner \[[@RSOS171401C68]\] (${\overline{N}}_{broken} = 0.5$) at most compositions, i.e. there is a greater propensity for Ag to form dative bonds with Se. At *x* = 25, the measured value of ${\overline{n}}_{Se}^{Se}$ does, however, coincide with the prediction of the MCON for ${\overline{N}}_{broken} = 0.5$, i.e. the structure of this silver-rich phase is consistent with a bonding scheme in which the addition of two Ag atoms eliminates a single Se--Se bond ([figure 14](#RSOS171401F14){ref-type="fig"}). The experimental results shown in [figure 15](#RSOS171401F15){ref-type="fig"} indicate an elimination of all the Se--Se homopolar bonds by the addition of silver when *x*≃28. This concentration corresponds to the limit of glass forming ability along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line ([figure 1](#RSOS171401F1){ref-type="fig"}), i.e. glass formation is related to the availability of Se--Se homopolar bonds. Figure 15.The composition dependence of ${\overline{n}}_{Se}^{Se}$ as obtained by fitting the first peak in *D*~T,N~(*r*) (filled squares), the first peak in Δ*D*(*r*) for *x*=5 or *x*=25 (open (blue) triangles), or the first peak in Δ*D*~*μμ*^′^~(*r*) for *x*=25 (open (red) circle). The silver concentration *x* is identical to *c*~Ag~, provided the latter is expressed as a percentage. The solid (red) curve was obtained from a least-squares fit to the filled squares, and corresponds to ${\overline{n}}_{Se}^{Se} = 0.67 - 0.022\exp(x/8.11)$. The fit gives ${\overline{n}}_{Se}^{Se} = 0$ at *x*≃28. The expectations of the MCON for ${\overline{N}}_{broken} = 0.5$ (broken (black) curve) and ${\overline{N}}_{broken} = 1/3$ (chained (blue) curve) are also given.

It should be noted that electronic *d* states may play an important role in the bonding in Ag(I) glasses. For example, an investigation of the relative stability of threefold versus fourfold coordination complexes using a molecular orbital approach suggests that the lower-coordination-number conformation can be stabilized over the regular tetrahedral arrangement if there is a distortion via a second-order Jahn--Teller effect wherein the *d* orbitals of the occupied outer shell are mixed with the *s* orbital of the valence shell \[[@RSOS171401C69]\].

6.. Conclusion {#s6}
==============

The structural changes associated with the transition from a semiconductor to a fast-ion conductor with increasing silver content along the Ag~*x*~(Ge~0.25~Se~0.75~)~(100−*x*)~ tie line were investigated by combining the methods of EFM, X-ray diffraction, and neutron diffraction. The microscopy results show phase separation into silver-rich and silver-poor phases, and are consistent with a percolation of the Ag-rich phase at the onset of fast-ion conductivity when *x*≃8. The NDIS results show that the evolution with composition in the structure of the Ag-rich phase indicated by EFM and C-AFM experiments \[[@RSOS171401C11],[@RSOS171401C12]\] is associated with a change to the coordination environment of silver in which the number of Ag--Se nearest-neighbours, distributed about a distance of 2.64(1) Å, increases from 2.6(3) at *x*=5 to 3.3(2) at *x*=25. The Ag--Ag nearest-neighbour coordination number is 1.7(3) for a distance of 2.96(5) Åat *x*=5 versus 1.9(2) for a distance of 3.02(2) Åat *x*=25. The diffraction results are consistent with the presence of GeSe~4~ tetrahedra for all of the glass compositions, and indicate a breakage of Se--Se homopolar bonds as silver is added to the Se-rich base glass. The limit of glass formation along the tie line at *x*≃28 coincides with an elimination of these homopolar bonds.
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